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Angiotensin Converting Enzyme 2 Is Primarily Epithelial
and Is Developmentally Regulated in the Mouse Lung
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Abstract Angiotensin converting enzyme (ACE) 2 is a carboxypeptidase that shares 42%aminoacid homologywith
ACE. Little is known about the regulation or pattern of expression of ACE2 in the mouse lung, including its definitive
cellular distribution or developmental changes. Based on Northern blot and RT-PCR data, we report two distinct
transcripts of ACE2 in themouse lung and kidney and describe a 50 exon 1a previously unidentified in themouse.Western
blots show multiple isoforms of ACE2, with predominance of a 75–80 kDa protein in the mouse lung versus a 120 kDa
form in themouse kidney. Immunohistochemistry localizes ACE2 protein to Clara cells, type II cells, and endotheliumand
smooth muscle of small and medium vessels in the mouse lung. ACE2 mRNA levels peak at embryonic day 18.5 in the
mouse lung, and immunostaining demonstrates protein primarily in the bronchiolar epithelium at that developmental
time point. In murine cell lines ACE2 is strongly expressed in the Clara cell line mtCC, as opposed to the low mRNA
expression detected in E10 (type I-like alveolar epithelial cell line), MLE-15 (type II alveolar epithelial cell line), MFLM-4
(fetal pulmonary vasculature cell line), and BUMPT-7 (renal proximal tubule cell line). In summary, murine pulmonary
ACE2 appears to be primarily epithelial, is developmentally regulated, and has two transcripts that include a previously
undescribed exon. J. Cell. Biochem. 101: 1278–1291, 2007. � 2007 Wiley-Liss, Inc.
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Angiotensin converting enzyme (ACE) 2 was
first identified in 2000 [Donoghue et al., 2000;
Tipnis et al., 2000] as a zinc metalloprotease
with 42% amino acid homology to ACE. The
ACE2 gene is highly conserved in non-verte-
brates andmammals [Chou et al., 2006] and has
18 well-characterized exons. In humans a 19th
exon of ACE2 (exon 1a, National Institutes of
Health GenBank accession No. AB193259) has
recently been identified as well [Itoyama et al.,
2005]. The murine and human ACE2 genes are
both located on chromosome X and share 83%
nucleotide identity [Komatsu et al., 2002].
There is potential for multiple splice variants

of ACE2, as has been described in the homo-
logous gene ACE that has distinct somatic and
testicular isoforms [Soubrier et al., 1988].
Komatsu et al. [2002] have previously reported
two transcripts of 2.8 and 2.0 kilobases (kb) of
ACE2 (AB053181 and AB053182, respectively)
produced by alternate splicing in the mouse
lung and kidney. The GenBank includes
two additional mRNA transcripts of murine
ACE2 of 2,739 bp (BC026801) and 3,268 bp
(NM_027286); the larger transcript differs
primarily in the addition of untranslated 30

sequence to the end of exon 18.
ACE2 is an 805 amino acid glycoprotein that

exists as a type I integral membrane protein
but can also be cleaved and secreted as the
N-terminal ectodomain [Donoghue et al., 2000].
In the published literature multiple molecular
weights have been reported for ACE2 in the
mouse, ranging from 75 kiloDaltons (kDa)
[Gembardt et al., 2005], to 89 kDa [Ye et al.,
2004; Wysocki et al., 2006], to 125 kDa [Imai
et al., 2005]. Analyses of proteins produced by
cell lines transducedwithhumanACE2mRNAs
indicate that the differences in molecular
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weight are attributable to variable glycosyla-
tion and cleavage events, with the 120 kDa form
representing the membrane-bound, fully glyco-
sylated protein, the 105 and 95 kDa forms
representing partial glycosylation of the shed
N-terminal ectodomain, and the 80 and 85 kDa
forms representing the deglycosylated shed and
membrane-bound proteins, respectively [Lam-
bert et al., 2005]. It is possible that other protein
species exist as well that have yet to be
identified.
Studies using quantitative RT-PCR [Harmer

et al., 2002],RNase protectionassays [Gembardt
et al., 2005], and Northern blots [Donoghue
et al., 2000; Tipnis et al., 2000; Komatsu et al.,
2002] have demonstrated moderate ACE2
expression in lungs of both humans [Harmer
et al., 2002] and mice [Komatsu et al., 2002;
Gembardt et al., 2005], with high levels of ACE2
in kidney, heart, testis, and small intestine in
both species [Donoghueet al., 2000;Tipnis et al.,
2000; Harmer et al., 2002; Gembardt et al.,
2005]. In many of these tissues the primary cell
types expressing ACE2 appear to be vascular
endothelial cells [Donoghue et al., 2000], and
therefore ACE2 has been assumed to be pri-
marily an endothelial protein, much like ACE.
In the human lung immunostaining has loca-
lized ACE2 to endothelial and smooth muscle
cells of large and small blood vessels, as well as
to types I and II alveolar epithelial cells and
bronchial epithelial cells [Hamming et al., 2004;
Ren et al., 2006]. In human bronchial epithe-
lium invivoACE2appears to reside in theapical
plasma membrane [Ren et al., 2006], and it has
been reported that ACE2 is apically distributed
in ciliated cells of cultured human airway
epithelium [Jia et al., 2005]. In the mouse lung
Gembardt et al. [2005] have suggested that
ACE2 protein is localized to alveolar macro-
phages and type II cells based on immunohis-
tochemistry. In situ hybridization of the mouse
lung shows that ACE2 mRNA is localized to
vascular endothelial and airway epithelial cells
[Imai et al., 2005]. It is not definitively known
based on these studies which particular cell
types express ACE2. ACE2 has clearly been
demonstrated to act as the primary receptor for
theSevereAcuteRespiratorySyndrome (SARS)
coronavirus [Li et al., 2003], the virus respon-
sible for 8,096 cases in 29 countries during the
2002–2003 SARS outbreak [World Health
Organization, 2004]. Therefore, one can infer
the sites of ACE2 expression in the lung from

studies localizingSARS coronavirus particles in
infected animals. In mouse models of SARS
coronavirus infection, in situ hybridization
reveals viral RNA in the terminal bronchiolar
epithelium [Glass et al., 2004]. In macaque
models of SARS coronavirus infection, immu-
nostaining shows extensive SARS coronavirus
antigen in types I and II alveolar epithelial cells
[Haagmans et al., 2004]. To date there have not
been immunohistochemical or in situ hybridiza-
tion studies that unequivocally identify which
cell types express ACE2 in the mouse lung.

Acting as a carboxypeptidase with angioten-
sin II as its primary substrate [Vickers et al.,
2002], ACE2 counterbalances the enzymatic
effects of ACE by converting angiotensin II
to angiotensin 1–7 [Donoghue et al., 2000].
Through degradation of pulmonary angiotensin
II, ACE2 appears to protect against acute lung
injury inmurinemodels of acid aspiration [Imai
et al., 2005], sepsis [Imai et al., 2005], and SARS
coronavirus infection [Kuba et al., 2005].
Because acute lung injury is a major cause of
morbidity and mortality among critically ill
patients, with death rates of 25–40% [Bernard,
2005], and because SARS coronavirus infection
itself has mortality of 10% and respiratory
failure due to acute lung injury in up to 25%
[World Health Organization, 2004], it is impor-
tant to understand the pattern of expression
and regulation of pulmonary ACE2, which may
ultimately contribute to the development of
potential therapies for acute lung injury or
SARS coronavirus infection.

Little is definitively known about the func-
tion, regulation, or precise cellular distribution
of ACE2 in the healthy lung. We sought to
determine the pattern of message and protein
expression, cellular localization, and develop-
mental regulation of ACE2 in the normalmouse
lung, because this species has been [Imai et al.,
2005; Kuba et al., 2005] and is likely to be the
species used as a model to understand pulmon-
ary ACE2 physiology and pathology.

MATERIALS AND METHODS

Culture and Characterization of
Murine Cell Lines

The following cell lines were studied: E10, a
spontaneously immortalized adult peripheral
lung epithelial cell line that expresses �15
differentiation genes that are specific markers
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of type I cells, provided by Dr. A. Malkinson
(University of Colorado, Denver) and Dr. R.
Ruch (Medical College of Ohio); MLE-15, an
SV40T antigen immortalized adult type II cell
lineprovidedbyDr. J.A.Whitsett (University of
Cincinnati); mtCC-DJS2, an SV40T antigen
immortalized Clara cell line [Magdaleno et al.,
1997] provided by Dr. Francesco DeMayo
(Baylor College of Medicine); MFLM-4, an
SV40T antigen immortalized fetal lung endo-
thelial cell line provided by Dr. Ann Akeson
(Children’s Hospital, Cincinnati); and BUMPT-
7, a renal proximal tubule cell line conditionally
immortalized with a temperature-sensitive
SV40T antigen [Sinha et al., 2003] provided by
Dr. John Schwartz (BostonUniversity School of
Medicine,Boston).E10 cellsweremaintained in
CMRL 1066 medium, 10% fetal bovine serum,
0.5 mM glutamine, 100 units/ml penicillin G,
and 100 mg/ml streptomycin sulfate. All other
cell lines were cultured in Dulbecco’s modified
Eagle’s medium, 10% fetal bovine serum,
2 mM glutamine, 100 units/ml penicillin G,
and 100 mg/ml streptomycin sulfate. All media
and additives were from Invitrogen (Carlsbad,
CA).

Collection of Murine Tissues

CD1wild-type adult, newborn, and fetal mice
(Charles River Laboratories, Wilmington, MA)
were euthanized by intraperitoneal injection of
sodium methohexital (Eli Lilly, Indianapolis,
IN), followed by transection of the aorta. Lung,
kidneys, heart, and testes were collected and
snap-frozen on dry ice for subsequent RNA or
protein isolation.

RNA Isolation

Total RNA from both tissues and cell lines
was extracted by mechanical homogenization
and scraping of confluent plates, respectively,
and isolated in TRIzol reagent (Invitrogen)
according to the manufacturer’s instructions.
Total RNA for use in RT-PCR and QRT-PCR
was DNase treated usingDNA-freeTM (Ambion,
Inc., Austin, TX) according to the manufac-
turer’s instructions. RNA concentration was
measured using a NanoDrop ND-1000 spectro-
photometer (NanoDrop Technologies, Wilming-
ton, DE).

Northern Blots

Northern blots were prepared by the glyoxal/
DMSOdenaturationmethod. Total RNA (20 mg)

was loaded onto a 1.5% agarose gel, electro-
phoresed, and transferred onto a nylon mem-
brane (Hybond-Nþ, AmershamBiosciencesCo.,
Piscataway, NJ). RNA was crosslinked using
ultraviolet light. The 472 bp internal ACE2 RT-
PCR product from primers described below
(50-CCTTCTCAGCCTTGTTGCTGTTAC-30; 50-
TGCCCAGAGCCTAGAGTTGTAGTC-30) was
purifiedwithQiaquick PCR purification and gel
extraction kits (Qiagen, Inc., Valencia, CA) and
used as a template for a [32P]-labeled probe pre-
pared by the random hexamer primer method.
Prehybridization and hybridization were per-
formed as described previously [Ramirez et al.,
1997]. Membranes were stripped and reprobed
for the 219 bp product from primers specific for
ACE2 exon 1a as described below (50-TACAC-
TCTGGGAATGAGGAC-30; 50-TCTCATCAGC-
CTTTGAACTT-30). Films were exposed for
7–10 days at �708C prior to developing.

Reverse Transcription Polymerase
Chain Reaction (RT-PCR)

The reverse transcription stepwas performed
using poly-dT (RocheDiagnostics, Indianapolis,
IN) and avian myeoloblastosis virus reverse
transcriptase (Promega Corp., Madison, WI) in
a final volume of 25 ml for RT-PCR or using the
random hexamer reverse transcription techni-
que with Taqman reagents (Applied Biosys-
tems, Foster City, CA) in a final volume of 20 ml
for QRT-PCR. RT-PCR was performed using a
master mix containing Taq DNA Polymerase
(Qiagen, Inc.) and primers (50-CCTTCTCAG-
CCTTGTTGCTGTTAC-30; 50-TGCCCAGAGCC-
TAGAGTTGTAGTC-30) designed to produce
a 472 bp amplicon near the 50 terminus of
the published murine ACE2 mRNA sequence.
b-actin mRNA was amplified as a control for
RNA integrity and loading. For certain pur-
poses T1a mRNA, which is type I cell specific,
and caveolin 1a mRNA, which is expressed by
both type I and endothelial cells in the periph-
eral lung, were amplified as described previous-
ly [Rishi et al., 1995; Ramirez et al., 2002].
Nested RT-PCR for ACE2 mRNA was per-
formed using the above primers for the initial
amplification (30 cycles) and internal primers
(50-AGTCCCTCACCGAGGAAAAT-30; 50-AAT-
GGTGCTCATGGTGTTCA-30) for a 326 bp
final product (25 cycles). PCR products were
gel-purified using the Qiaquick gel extraction
kit (Qiagen) and sequenced by the Boston
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University Core Sequencing Facility. Sequence
data confirmed the products to be ACE2.

Identification of Additional 50 Sequence

Northern blots of total lung RNA revealed a
disparity in message sizes compared to those
reported earlier for mouse lung [Komatsu et al.,
2002]; specifically, the larger transcript we
observed was �3.4 kb versus 2.8 kb reported
earlier, suggesting that the reported 50 sequen-
ce may be incomplete. Based on the recent
identification in human ACE2 of exon 1a, 50 to
the 18 known exons [Itoyama et al., 2005], we
performed a BLAST search (NCBI website;
http://www.ncbi.nlm.nih.gov/blast/bl2seq/wblast2.
cgi) that identified a region of 74% identity
between human exon 1a (AB193260) and
sequence in the mouse genome 50 to the known
ACE2 transcript (BC026801). A homologous
forward primer (50-TACACTCTGGGAATGAG-
GAC-30) and a reverse primer (50-TCTCAT-
CAGCCTTTGAACTT-30) producing a 219 bp
amplicon at the 50 end of the previously describ-
ed exon 1 were designed for RT-PCR using Taq
DNA Polymerase (Qiagen).

50-Rapid Amplification of cDNA Ends (50-RACE)
and Cloning of Full-Length ACE2 Transcript

Total RNA (1 mg) from adult mouse lung was
reverse transcribed using a modified oligo (dT)
primer and the BD PowerScript Reverse
Transcriptase (Clontech Laboratories, Inc.,
Mountain View, CA) as described by the
manufacturer, to add several dC residues to
the first-strand cDNA 30 end. PCR for 50-RACE
was then performed with Advantage 2 Poly-
merase Mix (Clontech), a universal forward
primer, and an ACE2-specific reverse primer
(50-GCCTTTGAACTTGGGTTGGGCACTG-30)
using a touchdown PCR protocol [(948C 30 s,
728C 3 min)� 5 cycles, (948C 30 s, 708C 30 s,
728C 3 min)� 5 cycles, (948C 30 s, 688C
30 s, 728C 3 min)� 35 cycles]. The products
were electrophoresed on a 1.2% agarose gel and
gel-purified using a gel extraction kit (Qiagen).
The purified product was ligated into the
PCR2.1 cloning vector (Invitrogen) using T4
DNA ligase at 148C overnight. The ligation
reaction products were inserted as a plasmid
into OneShot competent E. coli cells (Invitro-
gen) by heat-shocking the cells at 428C in SOC
medium. Transformed bacteria were grown
overnight at 378C on LB-agar plates containing

ampicillin. Clones were selected and grown
overnight in LB-ampicillin media, after which
the plasmid was purified through a mini-prep
procedure (Qiagen) following manufacturer’s
protocol. Clones were sent for sequencing. After
obtaining sequence of exon 1a, a second 50-
RACE was performed using an ACE2 specific
reverse primer (50-GAAGTTCAGCAGCTGGC-
TCCGTGTC-30) within the new exon to ensure
there was no further 50 sequence of ACE2.

Using RT-PCR, a forward primer (50-GCTGA-
ACTTCACCAGGATAACCAT-30) near the 50 end
of exon1a anda reverse primer (50-CCATTGCT-
CAGACCCTGTGA-30) near the 30 end of the
published ACE2 transcript (NM_027286), or
forward (50-ATTGGTCCAGCAGCTTGTTT-30)
and reverse (50-GGCTTTGTGTTCACCATTGC-30)
primers at the 50 and 30 ends of the published
mRNA transcripts (BC026801 and NM_027286),
respectively, were used to amplify full-length
ACE2 transcripts using the Advantage 2 PCR
kit containing a Taq DNA Polymerase mix
(Clontech). ThePCRproductswere electrophor-
esed on a 0.7% agarose gel, gel-purified using
theQiaquick gel extraction kit (Qiagen), cloned,
and sequenced by the Boston University Core
Sequencing Facility. We performed a BLAT
search of the mouse genome (University of
California Santa Cruz Bioinformatics web
page; http://genome.ucsc.edu/cgi-bin/hgBlat) to
identify the location of exon 1a within the X
chromosome. The DNA Strider (Version 1.3F9)
program was used to analyze sequence for
coding regions.

Quantitative Reverse Transcription Polymerase
Chain Reaction (QRT-PCR)

QRT-PCR was performed using oligonucleo-
tide primers (50-CCCCTTATGACTCGACTGG-
ACA-30; 50-CTGTTTTGGAATCCTGCATTGC-30)
specific for a sequence near the 30 end of the
ACE2 mRNA (BC026801) with SYBR Green
master mix (Applied Biosystems) in an ABI
Prism 7000 sequence detector. Data were
normalized to the 18S amplicon, for which
primers and probes were purchased from
Applied Biosystems and used in conjunction
withTaqManmastermix (AppliedBiosystems).
Samples were run in triplicate with conditions
optimized to generate a single product; controls
lacking template were run simultaneously. A
calibration curve spanning 5 logs was generat-
ed using adult mouse kidney as a reference
standard.
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Protein Isolation

Murine tissues were mechanically homoge-
nized in RIPA buffer containing three protease
inhibitors (2 mg/ml aprotinin, 2 mg/ml leupeptin,
and 100 mg/ml phenylmethylsulfonyl fluoride).
Confluent cell plates were washed 3� with ice-
cold phosphate buffered saline, and then cells
were scraped into 1 ml RIPA buffer. The RIPA
buffer-cell lysate suspension was incubated at
48C on a rotator for 1 h and then centrifuged at
10,000 RPM� 20 min. The supernatant was
collected, and protein concentration was deter-
mined spectrophotometrically using the Brad-
ford Protein assay (Bio-Rad Laboratories, Inc.,
Hercules, CA).

Western Blots

Protein (20–100 mg) was electrophoresed on
7.5% SDS–polyacrylamide gels. Proteins were
transferred onto polyvinylidene difluoride
membranes (Millipore Corporation, Bedford,
MA), blocked in 5% milk in 1�Tris-buffered
saline with 0.05% Tween-20 (TBST), washed in
1�Tris-buffered saline (TBS) or 1�TBST, and
exposed toprimaryantibody overnightat 48Con
a shaker. Primary antibodies were rabbit poly-
clonal anti-ACE2 (ab15348, Abcam, Inc., Cam-
bridge, MA) 1:1,000 in 1%milk in 1�TBS; goat
polyclonal anti-ACE2 (AF933, R&D Systems,
Inc.,Minneapolis,MN) 1:750 in 1�TBS; or goat
polyclonal anti-ACE2 (sc21834, Santa Cruz
Biotechnology, Inc, Santa Cruz, CA) 1:200 in
1% milk in 1�TBS. Peptide inhibition studies
were performed with ACE2 specific peptide
(sc21834-P, Santa Cruz) to test the specificity
of anti-ACE2 (sc21834, Santa Cruz) binding on
Western blots. Primary antibody was incubated
overnight with ACE2 specific peptide or with
the non-specific tuberin peptide (sc893-P, Santa
Cruz) at a concentration of 1:5 byweight prior to
adding theprimaryantibody-peptide solution to
the membrane. Secondary antibodies (horse-
radish peroxidase-labeled anti-rabbit IgG or
anti-goat IgG) were used at 1:10,000 in 1%milk
in 1�TBST, 1 h, room temperature. Signal was
detected with SuperSignal West Pico Chemilu-
minescent Substrate (Pierce Biotechnology,
Inc., Rockford, IL).

Immunohistochemistry

Lungswere fixed by intratracheal instillation
(adult) or immersion (fetal) in freshly prepar-
ed 4% paraformaldehyde/0.1% glutaraldehyde

(Ladd Research Industries, Williston, VT) in
0.1 M phosphate buffer, pH 7.4. Tissues were
stored overnight infixativeat 48Candprocessed
into paraffin using standard methods. The
heart was excised, sliced into fixative, and
handled similarly. Kidney tissues were fixed
overnight as slices in fixative lacking glutar-
aldehyde, cryoprotected with 30% sucrose in
PBS and frozen for cryosectioning in O.C.T.
compound cooled with Freon 22.

In most cases antigen retrieval was per-
formed on rehydrated paraffin sections using
0.05% citraconic anhydride, pH 7.4, for 45 min
at 988C, followed by cooling at room tempera-
ture for 30 min [Namimatsu et al., 2005].
Endogenous peroxidases were quenched with
3% H2O2 in MeOH for 15 min at room tempera-
ture, and sections were blocked with CAS-Block
(ZymedLaboratories, SanFrancisco, CA) for 1 h
at room temperature. Sections were incubated
overnight at 48C in anti-ACE2 antibodies
(sc21834, Santa Cruz, at 1:100–1:500 dilutions;
ab15348, Abcam, at 1:1,500–1:5,000 dilutions).
Antibody binding was detected using the Vec-
tastainElite ABCkit (Vector Laboratories, Inc.,
Burlingame, CA) as directed with diaminoben-
zidine as the chromogenic substrate. Control
slides lacking primary antibody were included
in all procedures. To test specificity of sc21834
(Santa Cruz) staining, peptide inhibition was
performed by preincubating a 1:250 dilution of
antibody with a tenfold excess of the antigenic
peptide (sc21834-P, Santa Cruz).

Cryosections of kidney were handled simi-
larly except for omission of the antigen retrieval
step in some cases. Sections were counterstain-
edwithdilute hematoxylin or left unstained and
photographed in a Leitz Aristoplan microscope
(Leica Microsystems, Bensheim, Germany)
using Improvision software.

Statistics

The Student’s t-test was used to compare
groups and calculate P-values. A P-value �0.05
was used as the level of statistical significance.
Standard deviation bars are shown on all
graphs. N¼ 3 or more for all experiments.

RESULTS

Two Transcripts of ACE2 in
Mouse Lung and Kidney

Northern blot analysis confirmed the pre-
sence of ACE2 expression in adult mouse lung
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and kidney, showing two bands of �2.8 and
�3.4 kb (Fig. 1A, left panel). After 7 days
exposure there was a faintly visible band at
�3.4 kb in the mtCC Clara cell line (Fig. 1A,
left panel), which was evident after a longer
exposure (Fig. 1A, right panel). ACE2 mRNA
was undetectable in all of the other murine cell
lines tested by Northern blot (data not shown),
likely due to low ACE2 expression in these
cell lines. While the finding of two transcripts
in mouse lung and kidney has been previously
described [Komatsu et al., 2002], the prior
report describes the sizes of these transcripts
as 2.8 and 2.0 kb (AB053181, AB053182).

Identification of Exon 1a and Additional
Transcripts of Murine ACE2

Because of the discrepancy between the
publishedmurine ACE2mRNA transcript sizes
(2.7 and 3.2 kb, BC026801 and NM_027286,

respectively) and the larger transcript sug-
gested by our Northern blot (�3.4 kb), we
hypothesized that there may be additional
undescribed 50 sequence of ACE2, particularly
in light of the recent identification of a 50 exon 1a
in human ACE2 (AB193259) [Itoyama et al.,
2005]. ByRT-PCRusing a forward primer in the
50 region of homology to human exon 1a and
a reverse primer in the 50 end of exon 1, we
amplified a 219 bp product in adult mouse lung
(Fig. 1B). Using genomic DNA as a template
with the same primers produced a �1,200 bp
product (Fig. 1B), suggesting that the intron
between the putative exon 1a and exon 1
is approximately 1–1.5 kb. With 50-RACE
(Fig. 1C) we confirmed the presence of a
188-bp exon 1a of murine ACE2 that shares
74% nucleotide identity with human ACE2
(sequence and homology to human ACE2 exon
1a shown in Fig. 1D). By sequence analysis this

Fig. 1. Identification of murine exon 1a. A: Northern blot for
ACE2 expression in murine tissues and cell lines. The left panel
represents Northern blot developed after 7 days exposure, the
right panel showsblot developed after 10days exposure.Lane m:
1 kb DNA marker (indicated in kb pairs); L: adult lung; K: adult
kidney; cc: mtCC cells. B: RT-PCR for putative 50 exon 1a of
murine ACE2. Lane m: 100 bp DNA marker (indicated in kb
pairs); w: water; GD: genomic DNA; L: adult lung; K: adult
kidney; cc: mtCC cells. C: 50-RACE for putative exon 1a in adult

lung. By sequencing �800 bp band represents non-specific
amplification and�300 bp band includes the 188 bp exon 1a of
murine ACE2. Lane m: 100 bp DNA marker; L: adult lung.
D: Sequence of human (H) and mouse (M) exon 1a. Capital
letters: identitical nucleotides in both species; lower case letters:
divergent nucleotides in mouse and human; hyphen (-): gap in
sequence. Italics indicate bordering intron sequence in mouse
genome.
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exon is located on chromosome X from position
159,483,486 to 159,483,673 and does not appear
to be a coding sequence. The various ACE2
transcripts we have identified both with and
without exon 1a are shown in a schematic
(Fig. 2A) and confirmed by RT-PCR in adult
lung (Fig. 2B). Because of the RT-PCR primers
used (illustrated in Fig. 2A), transcripts 1 and 3
may not be full-length transcripts but rather
incomplete fragments of the longer transcripts 2
and 4, respectively, lacking the 30 untranslated
region (Fig. 2A,B). However, the presence of the
polyA tail in the 30 end of the 2.7 kb transcript 3
(BC026801) does suggest a complete mRNA
transcript. Nonetheless, only transcripts 2 and
4 (Fig. 2A,B) have been submitted as novel
mRNAs of ACE2 to the NIH GenBank for
registration. By reprobing our initial Northern

blot with a probe specific for exon 1a, we
confirmed that exon 1a is present in both
the 2.8 and 3.4 kb transcripts identified in the
mouse lung and kidney (data not shown). By
RT-PCR the 3.4 kb transcript containing exon
1a (transcript 2 from Fig. 2A) is present in all
tissues tested including adult kidney, heart (in
low levels), testis, and lung, embryonic day (E)
18.5 lung, and theClara cell linemtCC (Fig. 2C).

Multiple Protein Species of ACE2 in Murine
Tissues and Cell Lines

Western blot analysis confirms the presence
of ACE2 protein in adult mouse lung, kidney,
heart, and testis, aswell as in all cell lines tested
(Fig. 3A). The published literature describes
five different molecular weights for human
ACE2, based on glycosylation and cleavage

Fig. 2. Transcripts of murine ACE2. A: Schematic showing
splice products of publishedACE2mRNAandnovel exon 1a into
possible transcripts. Arrows indicate forward and reverse primers
used for RT-PCR. B: RT-PCR for ACE2 transcripts in adult lung.
m: 500 bp marker (indicated in kb pairs); 1–4: transcripts 1–4
as shown in (A), with transcript 1 amplified using forward primer
1a-F and reverse primer BC-R, transcript 2 using forward primer

1a-F and reverse primer NM-R, transcript 3 using forward primer
BC-F and reverse primer BC-R, transcript 4 using forward primer
BC-F and reverse primer NM-R. C: RT-PCR showing presence of
ACE2 transcript 2 (amplified using forward primer 1a-F and
reverse primer NM-R), as shown in (A) in various murine tissues
and cell lines. w: water; K: adult kidney; H: adult heart; T: adult
testis; L: adult lung; 18L: embryonic day 18.5 lung; cc:mtCC cells.
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[Lambert et al., 2005]. In the mouse lung,
125 kDa [Imai et al., 2005] and 75 kDa
[Gembardt et al., 2005] species of ACE2 have
been reported, and an 89 kDa [Ye et al., 2004;
Wysocki et al., 2006] form of ACE2 has been
reported in the mouse kidney. By Western blot
analyses using an antibody to the membrane-
bound C-terminus of ACE2 (Fig. 3A) or an
antibody against the N-terminal ectodomain of
ACE2 (Fig. 3B), we have identified all of the
previously described protein species of ACE2.
The major protein species in the lung appears
to be 75–80 kDa, although the 120 kDa form
is also present at lower levels. In contrast, the
major species in other tissues tested is the 105–
120 kDa isoform, although the kidney also
expresses the 80 kDa form. The mtCC Clara
cell line appears to express three protein
species, 80, 85, and 120 kDa. The other pulmo-
nary and proximal tubule cell lines appear
to contain primarily the 80 kDa (MLE-15,
BUMPT-7) or 85 kDa (E10, MFLM-4) forms of
ACE2. Western analysis with either antibody
reveals a strongly immunoreactive species at
180 kDa (Fig. 3A,B). In order to provide
evidence that the immunoreactivity of these
bands is specific for ACE2, we used a third
antibody against an internal ACE2 peptide

for which the antigenic peptide is available
(Fig. 3C–E). Preincubation of the antibody
with an excess of peptide blocked binding to
the 75–80 kDa protein species observed in the
E10 cells, adult lung, and adult kidney, as well
as to the 180 kDa species in the E10 cell
line. This lends considerable support to the
interpretation that all of the observed bands
represent ACE2.

Moderate ACE2 Expression in Murine
Tissues and Clara Cell Line

By RT-PCR ACE2 expression is present in
adult mouse lung, heart, and kidney, as well as
in mtCC cells (Fig. 4A). By contrast, ACE2
mRNA expression was not detected by RT-PCR
in E10, MLE15, MFLM-4, or BUMPT-7 cell
lines (Fig. 4A). However, transcripts can be
detected using nested RT-PCR (Fig. 4B) and
QRT-PCR (Fig. 4C), which showed high ACE2
expression in the mtCC cell line and very low
expression in the other cell lines tested.

Localization of ACE2 Expression to Clara Cells,
Type II Cells, and Pulmonary Vessels

By immunohistochemistry (Fig. 5) ACE2
protein localizes to bronchiolar epithelium,
small-to-medium pulmonary vessels, and the

Fig. 3. Multiple protein species specific for ACE2. A: Western
blot for ACE2 protein in murine tissues and cell lines using anti-
ACE2 Abcam ab15348 against cytoplasmic C-terminus. Lane m:
p7708s protein marker (in kDa); L: adult lung; K: adult kidney;
H: adult heart; T: adult testis; cc: mtCC; e10: E10; mle: MLE-15;
mflm: MFLM-4; pt: BUMPT-7. B: Western blot for ACE2 protein
in murine tissues and cell lines using anti-ACE2 R&D Systems
AF933 against N-terminal ectodomain. Lane m: p7708s protein
marker (in kDa); cc: mtCC; L: adult lung; K: adult kidney.
C: Western blot for ACE2 protein using anti-ACE2 Santa Cruz

sc21834 alone. Lane m: p7708s protein marker (in kDa);
e10: E10; L: adult lung;K: adult kidney.D: Competitive inhibition
Western blot for ACE2 protein using anti-ACE2 Santa Cruz
sc21834 in the presence of specific ACE2 control peptide
sc21834-P. Lane m: p7708s protein marker (in kDa); e10: E10;
L: adult lung; K: adult kidney. E: Competitive inhibitionWestern
blot for ACE2 protein using anti-ACE2 Santa Cruz sc21834 in the
presence of non-specific tuberin control peptide sc893-P. Lane
m: p7708s protein marker (in kDa); e10: E10; L: adult lung;
K: adult kidney.
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distal lung in the adult mouse. Specifically, by
our methods ACE2 protein is present in Clara
cells but not detectable in ciliated bronchiolar
epithelium (Fig. 5A–D), present in smooth
muscle cells and endothelium of some but not
all medium to large arterioles and venules
but not detectable in alveolar capillaries
(Fig. 5B,C,E,I), and present in type II alveolar
epithelial cells (Fig. 5F–H) but not detectable in
type I cells. Antibody staining shows that ACE2
protein is preferentially localized in the apical
plasmamembrane of Clara cells (Fig. 5C,D) but
is more diffusely distributed with an intracel-
lular pattern in type II cells (Fig. 5F–H). This
raises the possibility that the two cells may
express different transcripts or different pro-

tein isoforms. Alveolar macrophages stain posi-
tive for ACE2 in some sections, as has been
reported previously [Imai et al., 2005; Ren et al.,
2006], but our competitive inhibition studies
with ACE2 control peptide reveal this staining
to be non-specific (data not shown). On E18.5
ACE2 is present in the non-ciliated bronchiolar
epithelium but was not detected in the distal
lung or vasculature (Fig. 5J–K) by ourmethods.
Given that there has beendefinitive localization
of ACE2 in the kidney and heart reported
previously [Donoghue et al., 2000; Lely et al.,
2004; Ye et al., 2004; Gembardt et al., 2005;
Warner et al., 2005; Wysocki et al., 2006], we
also localized ACE2 in the adult mouse kidney
(Fig. 5L–P) andheart (Fig. 5Q) as a validation of
our immunohistochemical methods and anti-
bodies.ACE2 localization in themousekidney is
similar to that previously reported for the
human [Lely et al., 2004; Warner et al., 2005]
and mouse [Ye et al., 2004; Gembardt et al.,
2005] with specific staining in the proximal
tubular epithelium brush border (Fig. 5N–O)
and in vascular smooth muscle and endothelial
cells of small to medium vessels (Fig. 5P). There
was no staining in the renal medulla and very
weak staining in glomeruli (Fig. 5L–M). In the
mouse heart the myocardial capillaries show
strong staining for ACE2 (Fig. 5Q), as has been
previously reported in the human [Donoghue
et al., 2000].

Developmental Pattern of ACE2
Expression in the Mouse Lung

By RT-PCR ACE2 mRNA was detectable in
the fetal mouse lung at E18.5, but not at E11.5
orE15.5 (Fig. 6A). By contrast, in the embryonic
kidney, ACE2 mRNA was detectable by RT-
PCR as early as E15.5 (Fig. 6A). By the more
sensitive method of QRT-PCR we show a low
level of ACE2 expression in embryonic lung
at E15.5 and E17.5 that increases 2.8-fold
(P¼ 0.001) between E17.5 and E18.5 when
normalized to the 18S amplicon (Fig. 6B).

DISCUSSION

In this article we describe exon 1a of ACE2
and show that this exon is expressed in a 3.4 kb
transcript in many murine tissues, including
the lung. We also demonstrate that there are
multiple protein isoforms of ACE2, and that the
major isoform in the lung differs from those in

Fig. 4. ACE2 expression in murine tissues and cell lines.
A: RT-PCR for ACE2 and b-actin expression inmurine tissues and
cell lines (40 cycles). Lane w: water; L: adult lung; H: adult heart;
K: adult kidney; pt: BUMPT-7; e: E10; le: MLE-15; cc: mtCC; mf:
MFLM-4. B: Nested RT-PCR for ACE2 expression in murine
tissues and cell lines. Lane w: water; L: adult lung; K: adult
kidney; H: adult heart; T: adult testis; cc: mtCC; e: E10; le: MLE-
15;mf:MFLM-4; pt: BUMPT-7.C:QRT-PCR for ACE2 expression
in murine cell lines, normalized to 18S. cc: mtCC; mle: MLE-15;
mflm: MFLM-4; pt: BUMPT-7. *P<0.005 compared to other
cell lines.
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Fig. 5. Immunohistochemistry for ACE2 in murine tissues. Red
arrow: positive staining for ACE2; yellow arrow: no staining for
ACE2. Br: bronchiole; BV: blood vessel; A: alveolar space;
M: medulla; C: cortex; PT: proximal tubule. A: Adult lung. Red
arrow: bronchiolar epithelium. B: Adult lung. Red arrow: Clara
cell; yellow arrow: arteriolar endothelium. C: Adult lung. Red
arrow: Clara cell; yellow arrow: ciliated epithelium. D: Adult
lung. Red arrow: Clara cell; yellow arrow: ciliated epithelium.
E: Adult lung. Red arrow: vascular endothelium. F–H: Adult lung
type II alveolar epithelial cells. I: Adult lung. Red arrow:
endothelium of venule. J: E18.5 lung. Red arrow: bronchiolar

epithelium. K: E18.5 lung. Red arrow: Clara cell; yellow arrow:
ciliated epithelium. L,M: Adult kidney. Cortex stains positive for
ACE2; medulla is negative for ACE2. N,O: Adult kidney. Red
arrow: proximal tubule brush border.P: Adult kidney. Red arrow:
endothelium and smooth muscle of small artery. Q: Adult
myocardium. Red arrows: capillary endothelium. Panels A–
C,F–H,L,N,P: antibody sc21834; other panels ab15348. Glutar-
aldehyde (0.1%) was added to fixative for panels A–C,F–K,Q.
Panels L,M,O,Pare frozen rather thanparaffin-embedded tissues.
Antigen retrieval was performed on tissues in panels A–C,
F–K,N,Q.

Fig. 6. Developmental pattern of ACE2 expression. A: RT-PCR for ACE2, b-actin, T1a, and caveolin 1a in
mouse lung and kidney at various developmental time points (30� cycles). Lane w: water; 11: E11.5; 15:
E15.5; 18: E18.5; nb: newborn; ad: adult. B: QRT-PCR for ACE2 expression in mouse lung and kidney
at various developmental time points, normalized to the 18S amplicon. nb: newborn. *P¼0.001 when
compared to E17.5.
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the other tissueswe analyzed.We show through
immunostaining that ACE2 in the lung is
primarily epithelial, as opposed to endothelial
in other tissues, and is specifically localized to
Clara cells and type II alveolar epithelial cells.
The finding of high levels of both ACE2 mRNA
and protein in the Clara cell linemtCC supports
our conclusion that Clara cells are a key source
of ACE2 in the intact mouse lung. While
message levels of ACE2 were low by QRT-PCR
in the other cell lines studied, including the
types I and II cell lines, the pulmonary endothe-
lial cell line, and the proximal tubule cell line,
Western blot analyses demonstrate the pre-
sence of ACE2 protein in these cell lines.
Finally, we demonstrate that ACE2 is devel-
opmentally regulated in the embryonic mouse
lung with an expression pattern that matches
those of other Clara cell and peripheral lung
epithelial genes with a large increase in mes-
sage levels between E17.5 and E18.5.

Although the finding of two distinct tran-
scripts on Northern blot of mouse lung and
kidney has been previously reported [Komatsu
et al., 2002], the prior study describes tran-
scripts of 2.0 and 2.8 kb, while we have
identified transcripts of 2.8 and 3.4 kb based
on markers. The size discrepancy between the
larger of these transcripts and the published
ACE2 mRNAs in the GenBank (AB053182,
1,993 bp; AB053181, 2,760 bp; 2,739 bp,
BC026801; and 3,268 bp, NM_027286) led us
to seek additional 50 sequence here identified as
exon 1a of murine ACE2. We initially specu-
lated that the 3.4 kb transcript containing exon
1a might code for the previously undescribed
180 kDa protein isoform that we identified in
lung, kidney, and E10 cells using multiple
different antibodies to ACE2. However, sequ-
ence analysis shows exon 1a to be non-coding,
and its 188 bp sequence is likely too short to
explain the larger molecular weight if it were
translated. The largest molecular weight
reported for ACE2 based on the amino acid
sequence when fully glycosylated is 125 kDa
[Imai et al., 2005]. The 180 kDa protein species
is similar in molecular weight to ACE, which
has amolecular weight in the mouse of 170 kDa
[Ye et al., 2004;Wysocki et al., 2006], raising the
possibility that ACE2 antibodies might not
discriminate between these two proteins. How-
ever, we do not believe that this is the case
because the manufacturer indicates that the
Abcam anti-ACE2 we used does not cross-react

with ACE. Furthermore we performed peptide
inhibition studies using a different antibody
(Santa Cruz) that show the 180 kDa isoform to
be specific for ACE2. We do not yet know what
accounts for this larger molecular weight. One
possibility is that the ACE2 protein is tightly
bound to another protein(s) from which it is not
dissociated in theWestern conditionsweused, a
possibility supported by previous information
on ACE2 [Lin et al., 2004]. Lin et al. [2004] have
shown that human ACE2 from failing myocar-
dium co-precipitates with integrin b1 and that
this complex migrates at a molecular weight
of 130 kDa, suggesting that one of the lower
molecular weight ACE2 isoforms is part of the
complex. Further studies of murine lung ACE2
will be required to resolve this issue. The other
ACE2 isoforms we found in mouse lung (75–80,
85, 105, 120 kDa) are likely due to glycosylation
and cleavage events, as has been previously
described for human ACE2 [Lambert et al.,
2005].

We explored the expression of ACE2 in
several murine lung and kidney epithelial cell
lines to identify a model system that could
be useful for in vitro studies of ACE2 such
as transcriptional regulation. We found low
mRNA levels in theE10,MLE-15,MFLM-4, and
BUMPT-7 cell lines and higher levels in the
mtCC cell line. When ACE2 proteins in these
cells were examined, we observed an apparent
discrepancy: mRNA levels were very low but
proteins were easily detected. This relationship
has been observed previously for murine ACE2
by Gembardt et al. [2005], who found low levels
of ACE2 mRNA in the mouse heart by RNase
protection assay but very strong protein expres-
sion in this organ byWestern blot. This suggests
that the ACE2 message may be very stable but
not abundant in some murine cell types, with
low levels of mRNA being translated into
moderate amounts of protein. Alternatively,
the ACE2 protein may be relatively resistant
to degradation and thereby accumulate in
higher amounts than the lower message level
would ordinarily predict.

We found the principal protein species in the
lung (75–80 kDa) to differ from that seen in the
other organs (105–120 kDa), though the lung
expresses the 120 kDa isoform at lower levels
as well. One possible explanation is that the
smaller isoform represents the epithelial var-
iant of ACE2 that predominates in the lung,
while the 120 kDa form represents the endothe-
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lial variant of ACE2 that predominates in most
other tissues. This would be consistent with the
finding that the lung, which has endothelial
ACE2 expression in some but not all vessels,
also contains lesser amounts of the 120 kDa
isoform, while the kidney, which expresses
ACE2 in the proximal tubule epithelium and
in the endotheliumof the blood vessels, contains
both the 120 kDa and the 80 kDa isoforms. The
mtCC Clara cell line expresses three protein
isoforms of ACE2, which does not necessarily fit
with this model. Insight into possible differen-
tial expression ofmRNAand protein isoforms in
epithelial and endothelial cells will require a
number of approaches including in situ hybri-
dization and analysis of primary cells isolated
from the lung.
The finding that ACE2 is predominantly

epithelial in the lung is supported by other
observations. ACE2 has been identified as a
target gene of the transcription factor hepato-
cyte nuclear factor 1 beta (HNF1b) [Senkel
et al., 2005]. This transcription factor is exclu-
sively expressed in epithelial cells [Coffinier
et al., 1999]. In the lung Coffinier et al. [1999]
have shownHNF1b to localize by immunostain-
ing most strongly to the bronchial and bronch-
iolar epithelium with weaker staining in the
alveolar epithelium in both E16 and adult
mouse lung. In situ hybridization of lungs of
mice infected with SARS coronavirus, which
binds to ACE2, show viral RNA in the distal
bronchiolar epithelium [Glass et al., 2004].
Moreover, the few immunohistochemical [Gem-
bardt et al., 2005] and in situ hybridization
[Imai et al., 2005] studies of the mouse lung
suggest that ACE2 is present in alveolar
[Gembardt et al., 2005] and airway [Imai
et al., 2005] epithelium, although the specific
cell types expressing ACE2 are not clear based
on these studies. With the methods we used
ACE2 protein is detected in an apical distribu-
tion in Clara cells but not ciliated cells of the
bronchiolar epithelium, in type II but not type I
alveolar epithelial cells, and in the endothelium
and smooth muscle of some but not all small to
medium blood vessels in the adult mouse lung.
In the fetal lung ACE2mRNA expression peaks
at E18.5 and ACE2 is detectable in the distal,
non-ciliated bronchiolar epithelial cells. This
developmental increase in ACE2 expression
correlates well with the known time course of
fetal Clara cell differentiation, as determined
by marked increase in CC10 expression, which

occurs between E15.5 and E18.5 [Keijzer et al.,
2001].

The function of ACE2 in the normal, unin-
jured lung remains unknown and will be the
focus of our future studies. The ACE2 knock-out
mouse has not been reported to have any lung
pathology in either fetuses or adults, although
the detailed reports on the phenotype of the
unstressed ACE2 knock-out mouse focused
specifically on the heart [Crackower et al.,
2002] and kidney [Oudit et al., 2006]. This
suggests that there may be redundant proteins
with overlapping functions to ACE2 in normal
lung biology. Although ACE2 is known to cleave
substrates other than angiotensin II [Vickers
et al., 2002], its function in degrading angio-
tensin II is presumed to be the most significant
[Vickers et al., 2002] and is the best studied. In
this role ACE2 acts as a counterbalance to ACE
in the regulation of the renin-angiotensin
system. The presence of ACE2 in the pulmonary
epithelium is likely to relate to this role as a
critical component of the renin-angiotensin
system.

Angiotensin II has been reported to induce
apoptosis in both pulmonary and non-pulmon-
ary cell lines [Wang et al., 1999b; Yamada et al.,
1996] and primary cultures of rat type II cells
[Wang et al., 1999b; Krick et al., 2005]. The
relevance of these observations to normal lung
biology is unclear becausemany of these studies
haveused angiotensin II concentrations that far
exceed those found in the normal mouse lung
[Wei et al., 2002]. While apoptotic cells have
been demonstrated by TUNEL staining in the
healthy rat lung during post-natal development
[Schittny et al., 1998], the overall importance of
apoptosis in the normal lung remains uncer-
tain. By contrast, strong evidence supports the
role of apoptosis in the injured lung, in which
the hyperplastic type II cells commonly
observed during alveolar epithelial repair are
removed by programmed cell death [Bardales
et al., 1996]. Whether angiotensin II is a critical
mediator of apoptosis in these settings is not
known, but studies have shown that autocrine
generation of angiotensin II is required for both
Fas-induced [Wang et al., 1999a] and TNF-a-
induced apoptosis [Wang et al., 2000] in pri-
mary cultures of type II cells. Using the ACE2
knock-out mouse as a model, Imai et al. [2005]
and Kuba et al. [2005] have clearly demon-
strated that ACE2 is able to protect against
acute lung injury by catalyzing angiotensin II.
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This lends support to the possibility that
angiotensin II is an important mediator of
alveolar epithelial cell injury and death, and
that by regulating angiotensin II levels, ACE2
itself plays a critical role in the injured lung.
Further studies need to be done to elucidate
more definitively the normal function of ACE2
in the mouse lung, and in the pulmonary
epithelium in particular.
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